Objective-The brain's reward system influences ingestive behavior and subsequently, obesity risk. Functional magnetic resonance imaging (fMRI) is a common method for investigating brain reward function. We sought to assess the reproducibility of fasting-state brain responses to visual food stimuli using BOLD fMRI.
Introduction
The brain's reward system is an important modulator of ingestive behavior that subsequently influences obesity risk (1) . Functional magnetic resonance imaging (fMRI) is commonly used to compare brain reward responses elicited by images of palatable and/or energy dense foods compared to nonfood images such as landscapes, animals, and/or household items (2) (3) (4) . Meta-analytical findings from these studies demonstrate that images of food elicit robust responses in reward-associated brain regions -such as the insula, amygdala, orbitofrontal cortex, and striatum - (2) that are greater in adults with obesity relative to those with normal body weights (3, 4) .
These data have prompted investigators to consider potential interventions designed to modulate brain reward responses to food cues and, subsequently, ingestive behavior and obesity risk. For example, intervention studies have investigated potential modulation of food cue-induced responses by aerobic exercise (5-7), dietary protein (8, 9) , as well as administration of exogenous "appetite-related" hormones (10) (11) (12) . However, data regarding the reproducibility of brain reward responses to visual food cues are lacking. These data are critical for the proper implementation and interpretation of intervention studies. The testretest reliability of a measurement has implications relating to sample size determination and the maximum observable correlations among outcomes (13) . Therefore, the primary aim of this study was to assess the reproducibility of fMRI-measured responses to visual food cues in the insula, amygdala, orbitofrontal cortex, and dorsal striatum (caudate and putamen) in adults with overweight or obesity. These reward-related brain regions of interested were chosen based on previous work indicating their responsivity to visual food stimuli and greater observed responses in people with obesity (4) . We hypothesized that 1) mean fasting brain responses in these reward-associated brain regions would not differ on 2 testing days with similar experimental conditions and 2) fasting-state neural responses would demonstrate good or excellent test-retest reliability (Intraclass Correlation Coefficient ≥ 0.60). The influences of time of day (morning vs. evening) and sex on fasting-state brain responses and appetite ratings were considered as secondary outcomes.
Methods Subjects
Thirty-six individuals (20 female, 16 male) were recruited from the greater Lafayette, IN, community to participate in 1 of 3 fMRI research studies at Purdue University (Figure 1 ).
Thirty individuals (17 female, 13 male) completed fasting-state fMRI and appetite assessments on 2 testing days. Postprandial fMRI and appetite assessments were collected in the aforementioned trials, but those results are not presented here. Data from 1 male subject were excluded due to excessive head movement (> 2.5 mm) during fMRI scanning, and data from one female subject were excluded because she completed testing days at a different time of day (1 in the morning and 1 in the evening). The final sample included 28 individuals (16 female, 12 male) (Figure 1 ). Inclusion criteria for this study were: male or female; age 18 -45 y; overweight or obese BMI (25.0-40.0 kg/m 2 ); weight stable (± 3 kg for previous 6 mo); no tobacco use; no diabetes; not pregnant or lactating; not claustrophobic; no implanted pacemakers/automated defibrillators or ferromagnetic metal. All subjects provided written informed consent and received a monetary stipend. The consent form and all study procedures and documents were approved for use by the Purdue University Biomedical Institutional Review Board.
Experimental Design
Sixteen subjects completed 2 testing days in the morning (a.m.) beginning between 0700 and 0900 after a 10-hour overnight fast (no food or energy-or caffeine-containing beverages after 2100, 2200, or 2300 depending on the subject's scheduled start time). Twelve subjects completed 2 testing days in the evening (p.m.), which began at 1700, 5 hours after consuming a provided lunch (30% of estimated daily energy requirement (14) ). Subjects completing p.m. testing days were asked to refrain from consuming any food or energy-or caffeine-containing beverages in the time between finishing lunch and their arrival at the MRI facility. For descriptive purposes, assessments completed before meal consumption on a.m. and p.m. testing days are referred to as "fasting-state." All testing days were separated by at least 3 days (mean: 18 days, range: 3 -35 days) during which time the subjects consumed self-chosen food and beverages ad libitum.
Body Mass Index
Body mass was measured using a digital platform scale (Ohaus, ES200L, Toledo, OH, USA) and height was measured using a wall-mounted stadiometer (Holtain Ltd., Crymych, Wales, UK). Body mass index (kg/m 2 ) was calculated using these measurements.
Appetite Assessments
Subjects rated their hunger, desire to eat, and fullness on continuous visual analog scales (VAS) (15) using Adaptive Visual Analog Scales software (16) .
fMRI Data Acquisition
Functional imaging was performed using a 3.0 Tesla magnetic resonance scanner (General Electric, Signa HDx, Milwaukee, WI, USA) while subjects were lying quietly in a supine position and presented with visual stimuli using NordicNeuroLab's VisualSystem (Bergen, Norway). Visual stimuli consisted of images of food of high hedonic value and neutral nonfood-related objects (e.g. tools, landscapes, and household items), which were previously validated (17) and utilized in previously published reports (18) (19) (20) (21) (22) (23) . Head movement was limited by placing foam pads behind the subjects' necks and between the 16-channel head coil (Nova Medical, Inc., Model NMSC-025A, Wilmington, MA) and all sides of the subjects' heads. A localizer scan was prescribed and centered at the subjects' brow line. The type, number and placement of foam pads, the location of subjects inside of the fMRI scanner, and the location of localizer prescription were noted on the first testing day and replicated to the greatest extent possible on the second testing day and for postprandial fMRI sessions.
Three functional runs were performed during each fMRI session. Each run consisted of 3 blocks of visual food stimuli and 3 blocks of visual nonfood stimuli presented in a pseudorandomized order using PsychoPy, Version 1.76.00 (24) . Each block of visual stimuli lasted 30 seconds and included 10 images presented for 2.5 seconds each with a 0.5 second fade between each image. Blocks of a low-level baseline stimulus (fixation cross) lasting 16 seconds each were presented before the first visual stimuli block, in between blocks of visual stimuli, and after the final visual stimuli block.
Functional images were acquired with an echo-planar gradient-echo T2* blood oxygenation level dependent (BOLD) contrast sequence, with TR = 2000 ms, TE = 30 ms, 64 2 matrix, 20 cm 2 field of view, 40 slices to cover the whole brain, 3.1 mm think, and no gap between slices. A high resolution, T1-weighted anatomical scan was completed after functional imaging for coregistration with functional images.
fMRI Data Processing and Analysis
fMRI data preprocessing and first-level fMRI data analyses (food vs nonfood BOLD contrasts) were completed using AFNI (http://afni.nimh.nih.gov) (25) . The first five volumes of each functional run (presented during the fixation cross block) were excluded to eliminate any T1 relaxation effects that may have been present due the relatively short TR of 2000 ms. Functional runs were then slice-time corrected, motion corrected to the first non-excluded image of the first functional run, smoothed using a 4.0 mm Gaussian blur, and the signal was normalized. Motion and slice-time corrected functional runs were then aligned with the high resolution anatomical scan.
Censor files were created to identify volumes within each functional run with excessive head motion (>2.5 mm). Those volumes that were censored were excluded and the six (roll, pitch, yaw, left-right, superior-inferior, anterior-posterior) motion time-series were included as covariates in the first-level, food vs. nonfood contrast regression model. The resulting food vs. nonfood contrast was expressed as a β coefficient for each fMRI session.
We first examined a priori regions of interest (bilateral insula, amygdala, orbitofrontal cortex, caudate, and putamen) to search for local maxima from the food vs. nonfood BOLD contrast during the fasting fMRI session on the first testing day. Spherical regions of interest with a 3mm radii centered at the local maxima were then created to form each functional region of interest. Functional regions of interest obtained from the fasting fMRI scan on the first testing day were used again on the second testing day and for all postprandial fMRI scans.
Statistical Analysis
Mean β coefficients (average of all voxels in each region of interest) representing the firstlevel, food vs. nonfood BOLD contrasts were analyzed using single-sample Student's t-tests (SAS, Version 9.3, PROC TTEST) to determine if the contrasts were significantly different from zero (indicating a greater response to visual food vs. nonfood stimuli). A Bonferroni correction was applied to the results of the t-tests to correct for multiple comparisons among 10 a priori brain regions of interest (α = 0.05 / 10 = 0.005).
Repeated measures ANOVA (SAS, Version 9.3, PROC MIXED) was used to assess the effects of testing day (Day 1 vs. Day 2, repeated factor), time of day (a.m. vs. p.m.), and sex on fasting brain reward responses (food vs. nonfood contrast) and appetite (hunger, desire to eat, and fullness) ratings. A Tukey-Kramer adjustment for multiple comparisons was utilized for the ANOVA tests. Test-retest reliabilities of fasting brain reward responses and appetite ratings were determined by 2-way, mixed effects model intraclass correlation coefficients [ICC(3,1)] (26) and Lin's correspondence correlation coefficients (CCC) (27) using IBM SPSS Statistics, Version 22. ICC(3,1) and CCC were interpreted as: < 0.40: poor reliability, 0.40 -0.59: fair reliability, 0.60 -0.74: good reliability, ≥ 0.75: excellent reliability (28) . Negative ICC(3,1)s and CCCs were interpreted as being equivalent to zero and to represent complete unreliability (29) .
Correlations among brain reward responses, body mass index, and appetite ratings were assessed using Pearson's correlation coefficients (SAS, Version 9.3, PROC CORR). Data are presented as mean ± SEM and significance was set at α = 0.05 unless otherwise noted.
Results

Subject Characteristics
On average, subjects were 27 years old and had a body mass index near the cutoff for obesity (Table 1) .
fMRI Responses
Visual food stimuli presented in the fasting-state on Day 1 elicited greater responses compared to neutral nonfood stimuli (P < 0.005) in 9 of 10 a priori regions of interest: left and right insula, amygdala, orbitofrontal cortex, and caudate, and right putamen ( Figure 2 , Table 2 ). On Day 2, greater responses to visual food vs. nonfood stimuli were observed in all a priori brain regions of interest except the right caudate (4.58 × 10 −4 ± 1.32 × 10 −4 , P = 0.0071) ( Table 2 ). According to the ANOVA model, fasting-state responses to visual food stimuli were greater on Day 1 compared to Day 2 in the right amygdala and there was a trend for left insula responses to be greater on Day 1 (P = 0.076) ( Table 3) . No responses were greater on Day 2 vs. Day 1. A voxel-wise subtraction analysis also suggested differences in Day 1 vs. Day 2 responses in the left insula, but differences in right amygdala responses were not further substantiated by this secondary analysis (Figure 3 ). Fasting-state responses were not different on Days 1 and 2 in the remaining regions of interest (Table 3) . Although the left insula and right amygdala responses were attenuated on Day 2, the food vs. nonfood contrasts remained significant in both regions (left insula β: 9.37 × 10 −4 ± 1.50 × 10 −4 , P < 0.0001; right amygdala β: 5.78 × 10 −4 ± 1.82 × 10 −4 , P = 0.0025). There was a trend for a greater response in the right amygdala of females compared to males (P = 0.053). Similarly, there were trends for greater responses in a.m. compared to p.m. sessions in the right insula (P = 0.065) and right putamen (P = 0.077).
The left orbitofrontal response to visual food stimuli demonstrated fair test-retest reliability. Reliabilities of responses in the other regions of interest were poor or unreliable, although left insula and left amygdala responses were near the cutoff for fair reliability (ICC(3,1) : 0.389 and 0.390, respectively) ( Table 4) . Visual representations of differences in Day 1 and Day 2 brain responses in a priori brain regions of interest for each subject are available as supporting material online (Figures S1 -S10 ).
Appetite Ratings
Mean fasting-state appetite ratings were not different on Day 1 vs. Day 2, respectively (hunger: 50 ± 5 vs. 49 ± 4 mm; desire to eat: 51 ± 4 vs. 52 ± 4 mm; fullness: 27 ± 4 vs. 30 ± 4 mm) and were not influenced by time of day (a.m. vs. p.m. sessions). Men reported greater fasting hunger (P = 0.04) and desire to eat (P = 0.03) than women. Fullness ratings were not influenced by sex. 
Correlations
No significant linear correlations among fasting appetite ratings and fasting brain responses were observed. Fasting brain responses were not linearly correlated with body mass index (data not shown).
Discussion
The purpose of this study was to assess the reproducibility of fasting-state brain responses to visual food stimuli in select reward-associated brain regions. Visual food stimuli elicited significant responses in all a priori regions of interest except for the left putamen on Day 1 and the right caudate on Day 2. In confirmation of our hypothesis, mean brain responses in a priori regions of interest were not different on the two testing days, with the exception of the left insula and right amygdala. Conversely and contrary to our hypothesis, no regions demonstrated good or excellent test-retest reliability. The left orbitofrontal cortex response had fair reliability, but reliabilities for the other 9 a priori regions of interest were poor or unreliable. For comparison, appetite ratings demonstrated fair (hunger, desire to eat) to good (fullness) test-retest reliability. These results are consistent with previous work indicating some degree of within subject variability in appetite ratings under similar experimental conditions, especially when using ratings from a single time point (30, 31) . Even though reliabilities for appetite ratings were higher than for fMRI-measured brain responses, it is possible that within subject variability in perceptions of appetite contributed to the relatively poor reliability observed in brain responses.
While we are unaware of extant data regarding the test-retest reliability of brain reward responses to visual food stimuli, a number of studies have assessed the reliability of reward responses using alternative fMRI study designs (29, 32, 33) . In a group of alcohol-dependent individuals, reliabilities for responses to visual alcohol cues were poor to fair in the left ventral and dorsal striatum, but excellent in the right ventral and dorsal striatum (32) . Reported ICCs for anticipatory reward responses were poor to fair in two event-related study designs utilizing monetary reward paradigms (29, 33) . Furthermore, a review of fMRI reliability studies investigating a range of study designs, outcomes, and brain regions found that the mean ICC across fMRI studies is 0.50 and thus demonstrate fair reliability overall (34) . This suggests that the relatively poor reliability observed in the current study is not isolated to this single study or even to reward responses, but is rather more broadly characteristic of fMRI research.
On the other hand, the current study and previous studies (29, 32, 33) have reported that mean or group-level reward responses are relatively consistent. This general lack of good to excellent test-retest reliability ratings but good group-level consistency in fMRI-measured reward responses has important implications for the design and interpretation of fMRI-based intervention studies. Consistent group-level results suggest that parallel group design studies -without repeated fMRI scanning of subjects -are appropriate for fMRI-based studies of reward processing. Longer-term interventions that induce a physiological adaptation (e.g. weight loss, exercise training) may also cause group shifts in reward responses from pre-to post-intervention testing that could be detected by fMRI. Crossover intervention studies may be appropriate given that certain criteria are considered. For example, it is critical that investigators include chronological testing order as a factor in their statistical models and utilize standard randomization procedures to ensure that potential intervention effects cannot be explained by day-to-day within-subject variability in responses.
The test-retest reliability of a measurement also influences the maximum observable correlations (ρ o ) among study outcomes. The ρ o between two variables a and b is theoretically limited by their reliabilities (R a and R b ) such that the ρ o is equal to the product of the true correlation (ρ t ) and the square root of the product of R a and R b . (13) Using this equation, the likelihood of observing significant correlations with measurements demonstrating poor reliability or complete unreliability is severely compromised. Until the reliability of fMRI measurements can be improved, there is limited translational potential for developing inexpensive, effective tools that correlate well with fMRI-measured reward responses at the individual clinical patient level.
likely to influence fMRI signal detection and reliability were controlled by strictly adhering to experimental procedures and utilizing appropriate statistical controls.
There are a number of limitations in study design that could have influenced the test-retest reliability results. For example, the length of time between fMRI assessments ranged from 3 to 35 days, which may have influenced reliability ratings. Subjects were asked not to engage in moderate to vigorous exercise or consume alcohol for at least 48 hours, but these behaviors were not documented. Subjects who completed p.m. assessments were provided with a standard lunch on testing days, but dinner was not controlled the evening prior to scanning for a.m. sessions. Lastly, we used fasting-state fMRI and appetite assessments from 3 randomized controlled trials for this analysis. Postprandial fMRI scans were completed as part of those trials, and it is possible that subjects could have become habituated to the visual stimuli. However, the relatively consistent and significant mean brain responses on both testing days in most regions of interest suggests that habituation effects were minimal on average. Habituation effects were not directly assessed in the current study, which raises the possibility that individual differences in habituation among study participants impacted reliability ratings. While we are cognizant of the limitations of our approach, the results of current study raise an important and understudied aspect fMRI-based research, which is becoming increasingly prevalent in the study of ingestive behavior.
The use of ICC for test-retest reliability assessments also has some limitations, notably that a wider range of measurements/responses may result in a higher ICC and that non-normally distributed data may influence the resulting rating (35) . Supplemental Figures S1-S10 demonstrate the degree of individual variability in brain responses from Day 1 to Day 2, which supports the conclusion of relatively poor reliability. Also, the CCC index produces robust results with non-normal distributions (27) . Similar ICC and CCC ratings observed in the current study lend greater confidence to the results.
In conclusion, fMRI-measured brain responses to visual food stimuli in this group of adults with overweight or obesity demonstrated relatively consistent mean results but considerable within-subject variability on 2 days with similar experimental conditions. These findings have important implications relating to experimental design, sample size determination, and observable correlations among study outcomes. Future studies with more rigorous controls with regard to dietary intake, physical activity, and length of time between fMRI scanning should be conducted to determine to what extent these factors influence the test-retest reliability of fMRI-measured brain responses to visual food stimuli.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
Study Importance
• The brain's reward system influences ingestive behavior and subsequently obesity risk.
• Previous data indicate that visual food cues produce robust responses in reward-associated brain regions that are greater in adults with obesity compared to those with a normal body weight.
• In the current study, brain responses to visual food stimuli measured by functional magnetic resonance imaging show considerable withinsubject variability in adults with overweight or obesity that needs to be considered when designing future studies. Abbreviations: ICC(3,1), 2-way mixed models type intra-class correlation coefficient; CCC, Lin's concordance correlation coefficient; OFC, orbitofrontal cortex; L, left; R, right.
